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Introduction
Data on atomic properties are not only relevant to spectroscopy, but are of interest in a variety of other fields in physics and technology. In astrophysical applications, information about the transition probabilities and lifetimes can be used to determine elemental abundances from absorption spectra. These data are also essential to calculate the Stark width and shift parameters of spectral lines. Recent observations with the Hubble Space Telescope have raised the need of accurate radiative parameters for heavy atoms in different ionization states. In particular the presence of Pb IV in stellar spectra have been reported in a few different types of stars. Proffitt et al. [1] in 2001 determined the lead abundance of the early B main-sequence star AV 304 in the Small Magallanic Cloud by measuring the 1313.1 Á resonance line of Pb IV. Resonance lines of Pb IV has been detected in Far Ultraviolet Spectroscopic Explorer spectra of hot subdwarf B stars by Chayer et al. [2] and O'Toole [3] .
Some theoretical oscillator strengths for Pb IV were the subject of a previous work carried out by the present authors [4] . In this previous work we used relativistic Hartree-Fock (HFR) calculations to obtain the oscillator strengths, but no core-polarization effects were included in these calculations. The Pb IV spectrum was studied earlier in the range from 200 to 9000 Á by Schoepfle [5] and Crawford et al. [6] . Analyses of transitions from the autoionizing states 5d 9 6s nf (n = 5,6,7) to the 5d 10 6s 2 S 1/2 in Pb IV have also been reported [7, 8] . Measurements of oscillator strengths of Pb IV were reported by Tkukhan et al. [9] . Relativistic single configuration Hartree-Fock calculations including core-polarization effects only for the p-s and d-p transitions were made by Migdalek et al. [10] . Also, Dirac-Fock (DF) calculations were made by Migdalek et al. [11] . Relativistic many-body calculations for levels of Pb IV were made by Chou et al. [12] . Excitation energies, oscillator strengths, and lifetimes were reported by Safronova et al. [13] .
In addition, Andersen et al. [14] presented a beam-foil study of atomic lifetimes showing the spectral line at 1028.6 Á of Pb IV. The beam-foil technique was used by Pinnington et al. [15] 2 levels were measured by Ansbacher et al. [16] .
In the present work we tabulate transition probabilities and oscillator strengths of 176 spectral lines arising from 5d 10 ns (n = 7,8), 5d
10 np (n = 6,7), 5d 10 nd (n = 6,7), 5d 10 5f, 5d 10 5g, 5d 10 nh (n = 6,7,8), 5d 9 6s 2 , and 5d 9 6s6p configurations and radiative lifetimes of 43 levels of Pb IV. Some of these lines are in the ultraviolet range (e.g., 1313.1 and 1328.6 Á) with astrophysical relevance [2, 3] . For other lines there are neither theoretical nor experimental results published. A comparison between theoretical lifetimes deduced from our calculations and the experimental values available in the literature is also presented. This work complements the study of the experimental configurations of the Pb IV by Moore [17] .
The system considered is complex; for high Z both relativistic and correlation effects could be relevant. The values were calculated in the framework of the HFR by means of the Cowan computer code [18] in which we have incorporated the core-polarization (CP) effects by means of a potential model and a correction to the electric dipole operator.
This work widens the previous work [4], providing a complete set of Pb IV oscillator strengths for observed levels. We describe in Section 2 the theoretical calculations, in Section 3 the discussion and the results, and the conclusions are presented in Section 4. Pi/2,3/2transitions in Pb IV including core-polarization effects were made by Migdalek et al. [10] . In a later work these same transitions were calculated using a DF model including core-polarization effects. Excitation energies, oscillator strengths, and lifetimes for ns-j/2 (n = 6,9), np,-(n = 6,8), nd,{n = 6,7) and 5f ; -states in Pb IV were calculated by Safronova et al. [13] using relativistic many-body perturbation theory.
Theoretical calculations
In the present work, in order to provide a complete set of transitions probabilities and the corresponding oscillator strengths, HFR and configuration interaction calculations were made using Cowan's programs [18] . The basis set used in this work consists of seven configurations of even parity, namely, 5d
10 ns (n = 6-8), 5d
10 nd (n = 67) and 5d 10 5g and 5d 9 6s 2 and seven configurations of odd parity, namely, 5d
10 np (n = 67), 5d
For the intermediate coupling (IC) calculations, we used the standard method of least-square fitting of experimental energy levels by means of the computer programs of Cowan [18] . For the calculations, we used all the experimental levels (11 +34 levels) shown in the Moore table.
Due to the high number of parameters to adjust (that exceeds the number of experimental levels) we have excluded the adjustment process for a certain number of parameters. We take for all the F k , G k , and R k integrals not adjusted in the fitting procedure the ab initio HFR values scaled down by a factor of 0.85 (as suggested by Cowan). For the spin-orbit integrals ¿^¡characterized by small numerical values and not adjusted in the fitting procedures we used the ab initio HFR values without scaling. All the details of the fitting procedure are not given here but can be obtained upon request from the authors. Results of the process for the configuration interactions 5d 9 6s6p, 5d 10 7p, and 5d 10 5f levels are shown in Tables 1 and 2 .
In the same way as our previous work for Pb III [19] , we have included the CP effects. These effects are included following the suggestions of Migdalek et al. [20] ; they can be written as one-particle, V P1 , and two-particle, V P2 , potential models, [22] . In this way we obtained the IS composition of each level and the degree of configuration mixing considering their interactions. For the HFR calculations, the Cowan code provides the radial parts for determining the transition probabilities and initial estimation of the parameters for the IC fittings.
The wavefunctions obtained in this description have been used in this work to obtain the matrix elements and the transition probabilities reported. The transition probabilities and the oscillator strengths are obtained from the matrix elements by using the standard expressions of Martin and Wiese [23] ^^r^^-K^^2 (4) m e c£ 0 X Sk 3h£ 0 X g k where A¡¡ and f¡¡ are the transition probability and the oscillator strength respectively, e and m e are the electron charge and electron mass, I is the transition wavelength.c is the light speed, h is the Planck constant, g k and g, are the statistical weights and < Pk|r|Pi > is the calculated matrix element including the modification pointed out above. The lifetime of a level is the inverse of the sum of the transition probabilities arising from this level. The Lande factors are calculated using the standard expressions given by Cowan [18] . Graph 1 displays a Grotrian scheme of the Pb IV energy levels. Oscillator strengths and transition probabilities corresponding to some spectral lines have been calculated in this work for the first time.
Discussion and results
Even parity configuration interaction
A comparison between our calculated energy levels and the experimental values [17] show excellent agreement. Also we have found a remarkable agreement between the calculated Lande factors and the experimental values obtained by Green et al. [24] . For the levels 5d 10 7s 2 S 1/2 , 5d 10 6d 2 D 3/2 , and 5d 10 6d 2 D 5/2 we have obtained values of 2.00, 0.80, and 1.20, respectively, in comparison with the experimental Lande factors 1.92, 0.78, and 1.17.
Odd parity configuration interaction
In Table 1 we present the wavefunctions of levels corresponding to the 5d 9 6s6p configuration in terms of the IS functions and a comparison between experimental and theoretical energy values. Also, the calculated and experimental Lande factors are displayed. There are notable discrepancies in the energies of some levels. We think that these discrepancies are due to the configurations mixing with other excited configurations, not included in this work, without available experimental levels. In order to correct the discrepancies, we made attempts to carry out least-square fitting including some configurations without available experimental levels. This procedure, which presents difficulties due to the increase in the numbers of parameters above the number of experimentally observed energy levels, resulted in no reasonable improvement of our original results.
As can be seen in Table 1 10 5f 2 F 5/2 and 5d 10 5f 2 F 7/2 . The values found for the different parameters involved in the IC calculations, compared with the HFR values (used as a start in the fitting process), are shown in Table 2 . The differences between the sets of parameters indicate the existence of configuration interaction perturbations that have been neglected in the calculation. However, in spite of these differences, the parameters obtained are close enough to the ab initio parameters; they maintain their physical meaning, they allow the best adjustment possible of the energy levels calculated at the experimental energy levels, and they provide an appropriate set of transition probabilities and lifetimes. As we have indicated, seeking to improve this adjustment with other configurations was fruitless.
Oscillator strengths, transition probabilities, and radiative lifetimes
Theoretical transition probabilities obtained for 176 lines of Pb IV with wavelengths in the range from 400 to 8000 A are displayed in column three of Tables 3-6, while column two gives the corresponding wavelengths. In column four of Tables 3-5, and 6 we present the corresponding oscillator strengths and theoretical values from other authors. In the remaining columns we display the lifetimes calculated in this work and the experimental values taken from the literature. Values presented in these tables are in good agreement with the published experimental ones, but some differences exist among the experimental lifetimes measured by other authors and our calculations.
In Tables 3 and 5 the calculated lifetimes are within the uncertainties of the experimental measurements. In Table 4 the values of the calculated lifetimes differ around 15% from the experimental values with the exception of the calculated lifetime of 5d 9 6s6p[5°] 3 / 2 . In this case the calculated value is 3.9 ns compared with 6.6 ± 0.3 ns. A similar situation can be seen in Table  6 . The values of the calculated lifetimes differ around 15% from the experimental values with the exception of the calculated lifetime of the 5d 10 6h level which differs 25% from the experimental value.
Conclusions
In this paper, we have presented a set of transition probabilities, oscillator strengths, and lifetimes of Pb IV configurations of astrophysical interest. Core polarization effects are included in our calculations. This inclusion represents an improvement of our previous work and it has allowed us to obtain appropriate values for the lifetimes. In this way we have found a remarkably good agreement between our results and the scarce experimental values. Several of those values calculated are published for the first time in this work. Our calculations confirm the suggestions of Schoepfle [5] Table 4 . Oscillator strengths and transition probabilities of spectral lines arising from 5d 10 6p and 5d 9 6s6p configurations and radiative lifetimes of Pb IV Same as for Table 3   Table 5 .
Oscillator strengths and transition probabilities of spectral lines arising from 5d 10 nd configuration and radiative lifetimes of Pb IV Same as for Table 3   Table 6 .
Oscillator strengths and transition probabilities of spectral lines arising from 5d 10 5g and 5d 10 nh configurations and radiative lifetimes of Pb IV Same as for Table 3 Explanation of Graphs Graph 1.
Energy level diagram of Pb IV. A Grotrian scheme for the Pb IV energy levels is shown using data from Ref. [17] Table 4 Oscillator strengths and transition probabilities of spectral lines arising from 5d 10 6p and 5d 9 6s6p configurations and radiative lifetimes of Pb IV. See page 40 for Explanation of Tables. Safronova [13] . Ansbacher [16] . Pinnington [15] . Migdalek [10] .
[16°], [22°] must be designed as 5d 10 7p 2 P" ; [23°], [24°] must be designed as 5d 10 5f 2 F 5 , ; see Table 1 . 
